This paper presents the details of optimized mix design for normal strength and high performance concrete using particle packing method. A critical review of mix design methods have been carried out for normal strength concrete using American Concrete Institute (ACI) and Bureau of Indian Standards (BIS) methods highlighting the similarities and differences towards attaining a particular design compressive strength. Mix design for M30 and M40 grades of concrete have been carried out using ACI, BIS and particle packing methods. Optimization of concrete mix has been carried out by means of particle packing method using EMMA software, which employs modified Anderson curve to adjust the main proportions. Compressive strength is evaluated for the adjusted proportions and it is observed that the mixes designed by particle packing method estimates compressive strength closer to design compressive strength. Further, particle packing method has been employed to optimize the ingredients of high performance concrete and experiments have been carried out to check the design adequacy of the desired concrete compressive strength.
I
Concrete is a composite material with heterogeneous properties that are vitally dependent on the amount and properties of the constituent phases. The mix design is an essential tool in all aspects of concrete technology and its prime objective is to achieve the required functional properties at the minimum cost, under consideration of environmental parameters and planned production technique. Well-developed mix design methods are thus prime tools in securing sustainable industrial concrete construction techniques. Emerging new knowledge from research such as high performance concrete, recycled aggregate concrete, self-compacting concrete etc., and modern information technology solutions indicate the need of further development of established mix design methods. The necessary first step to be taken to design a concrete mix is to establish clearly the requirements that the mix design must meet. These generally include one or more of the following: mechanical strength, durability, characteristics of concrete member, and special requirements specified by the project design. The proportioning of ingredient of concrete is governed by the required performance of concrete in two states, namely, the fresh and the hardened states. If the fresh concrete is not workable, it cannot be properly placed and compacted. Hence the workability is a factor of vital importance. The compressive strength of hardened concrete is generally considered to be an index of its other properties, which depends upon many factors, e.g. quality and quantity of cement, water and aggregates; batching and mixing; placing, compaction and curing.
Many of the existing methods for mix design in the different countries are different but are based on a similar basic approach. Empirical relationships, charts and graphs were developed from extensive experimental investigations. Following methods are in general practice:
1. ACI Mix design method 2. USBR Mix design method 3. British Mix design method 4. Mix design method according to Indian standard ACI Mix design method is an originator for all other methods, including Indian standard method. The method suggested by the ACI Committee-211 [1] are widely used in the USA. One method is based on the estimated weight of the concrete per unit volume. The other method is based on calculation of the absolute volume of concrete ingredients. The ACI methods take into consideration the requirements for workability, consistency, strength and durability.
The subject of optimizing the concrete composition by selecting the correct amounts of various particles has already aroused interest for more than a century (Johansen et al., [2] , Goltermann et al., [3] , Jones et al., [4] ). Particle Packing was first used in concrete research in 1892 by Feret to optimize aggregate gradation (Wang [5] ) and initial objective was to achieve most dense packing possible in order to reduce cement usage. It is generally agreed that concrete performance can be improved by reducing capillary-sized voids and their interconnectivity. Particle packing models, that are used to estimate the packing density/voids ratio of the solid combinations, can provide tools to improve the performance of concrete by proportioning the mix constituents in such a way as to provide the maximum packing density of the solid combinations, while ensuring that the concrete is sufficiently workable. Effective studies using particle packing method for high performance concrete were reported by Manu Santhanam [6] .
In this paper, application of particle packing method for normal strength and high performance concrete have been explained. A critical review of mix design methods using American concrete institute (ACI) and Bureau of Indian Standards (BIS) have been outlined. Mixes of M30 and M40 grades of concrete have been designed using ACI and BIS methods and these mixes have been optimized using particle packing method. Experimental investigations have been carried out to find out the compressive strength of all mixes. Further, the applicability of particle packing method for high performance concrete have been demonstrated.
R  M D M
The following section presents brief details about ACI and BIS mix design procedure.
ACI-318 (2002) 
In 1991, ACI published its guidelines for normal, heavyweight and mass concrete mix design [ACI Committe211, [1] (reapproved in 2002)]. The Absolute Volume Method of mix design as described by the ACI Method (Kosmatka et al., [7] ) is revised, and the design steps for mix proportioning as recommended by ACI Committee 211, are discussed.
This method is based on determining the coarse aggregate content based on, dry rodded coarse aggregate bulk density and fineness modulus of sand. This method takes into account the actual voids in compacted coarse aggregates that are to be filled by sand cement and water. This method also gives separate tables for air-entrained concrete. This method is most suitable for design of air-entrained concrete. This method gives separate values of water and sand content for maximum size of aggregate up to 150mm. Hence this is most suitable method for designing plum concrete. It also gives separate values for size less than 12.5 & 25 mm down coarse aggregate.
This method has the following limitations: a. It gives coarse aggregate contents for sand with Fineness modulus (FM) range of 2.4 to 3.0. It is found that sand available in many parts of India is extremely coarse with FM more than 3.2.
b. In this method the density of fresh concrete is not given as function of specific gravity of its ingredients. In BIS and British Department of environment (DOE) method the plastic density or yield of concrete is linked to specific gravity of ingredients.
c. The values of density of fresh concrete given in this method range from 2285 kg/m 3 for size less than10mm aggregate to 2505kg/m 3 for size less than 150mm coarse aggregate. It is found that in many parts of our country, the density of fresh concrete (plastic density) of 20 and 10 mm down aggregates vary from 2400 to 2600kg/m 3 . The weights calculated from the given densities often result in higher cement contents than that assumed.
d. The ACI method also does not take into account the effect of the surface texture and flakiness of aggregate on sand and water content, neither does it distinguish between crushed stone aggregates and natural aggregates.
e. The ACI method does not have a specific method of combining 10mm aggregates with 20 mm aggregates.
f. The fine aggregate content cannot be adjusted for different cement contents. The richer mixes and leaner mixes may have same sand proportion, for a given set of materials.
The procedure for mix design of concrete using ACI method is given below. 1. The required (target) average compressive strength f cr at 28 days for mix design is determined by adding up an empirical factor (k) to the design compressive strength f c as per Eq. (2.1) given below:
The w/c ratio is selected based on the target strength and the type of concrete (air-entrained or non air-entrained).
3. Air content, as percentage of the concrete volume, is estimated depending upon the air-entrained or non-air-entrained type of concrete, exposure conditions, and nominal maximum size of aggregate (NMSA).
4. Slump, as measure of workability, is selected depending upon the type of structure and complexity of the pouring conditions. 5. Water content, is determined based on the NMSA, type of concrete (air-entrained or non-airentrained), and specified slump. Then it is adjusted for the types of aggregates.
6. Cement content, is calculated based on the w/c ratio and the water content. 7. Coarse aggregates content, as dry rodded bulk (percentage) of concrete unit volume, is determined based on the NMSA, and the fineness modulus of sand.
8. Once the water content, cement content, air content, and the coarse aggregate content per unit volume of the concrete is determined, the fine aggregate (F.A) is calculated by subtracting the absolute volume of the known ingredients from unit volume of the fresh concrete (in this case 1 m 3 ) as following:
where, Y = sum of all other ingredients (air, water, cement and coarse aggregates) in cubic meter calculated for 1 m 3 of concrete. 9. Finally, water content is adjusted based on the absorption and the current moisture content of the coarse and fine aggregates, in account of saturated surface dry condition of the aggregates.
O BIS M (IS-10262(1982))
The BIS method considers normal mixes (up to M35) and high strength mixes (M60 and above) differently. This is logical because richer mixes need lower sand content when compared with leaner mixes. The method also gives correction factors for different w/c ratios, workability and for rounded coarse aggregate. In BIS method, the quantities of fine and coarse aggregate are calculated with help of yield equation, which is based on specific gravities of ingredients. Thus density of concrete calculated from yield equation is generally expected to be closer to actual density obtained in laboratory, provided specific gravities are calculated accurately. Thus actual cement consumption will be close to that targeted in the first trial mix itself. The water cement ratio is calculated from cement curves based on 28 days strength of cement. This can be time consuming and impractical at times. The BIS method gives separate graphs using accelerated strength of cement with reference mix method. This greatly reduces the time required for mix design.
The BIS method has the following limitations: a. The BIS method recommends 35% sand content by absolute volume for zone II sand with correction of +1.5% for zone I and -1.5% for zone III. These zones have wide range and this correction is not adequate to achieve a cohesive mix. Some times a correction may be required even when fine aggregate varies from upper side to lower side of a particular zone.
b. Though sand content is adjusted for lower water cement ratio there is no direct adjustment for cement content. The cement particles act, as fines in concrete and richer mixes often require lesser fine aggregate when compared to leaner mixes. A mix in which cement content is lowered by use of plasticizers may require higher sand content to improve cohesion.
c. The BIS method gives different tables for determining sand content for concrete up to M 35 grade and above M 35 grade. There is an abrupt change in sand content from 35% to 25% in the two tables when shifting from M 35 grade concrete to M40 grade concrete. The change may be justified to account for higher cement content but it should be gradual in nature.
d. The BIS method considers compaction factor as measure for workability, to calculate the water demand. Compaction factor may not correctly represent workability and the revised IS 456 2000 has excluded compaction factor as a measure of workability. It recommends use of slump as a measure for workability. Relationship between slump and compaction factor is difficult to standardize.
e. The BIS method does not take into account the effect of the surface texture and flakiness of aggregate on sand and water content. It does not recommend any corrections when crushed fine aggregate is used against natural fine aggregate as in case of Department of Environment (DOE) method.
f. The BIS method does not easily account for blending of different fine aggregates or coarse aggregates when they individually do not conform to IS requirements. On the other hand in Road Research Laboratory (RRL) method, coarse sand can be blended with fine sand or stone dust to get the required gradation (Natural sand and stone dust will have different specific gravities). Even coarse aggregates of different sizes, gradation and specific gravities can be blended to achieve the required gradation in RRL method.
g. The BIS method gives water demand and fine aggregate content for 10mm, 20mm and 40mm down aggregate. In practice, the maximum size of coarse aggregate is often between 20mm and 40mm, the estimation of water and sand content is difficult.
h. The quantities of fine aggregate and coarse aggregates are calculated from the yield equation. The yield equation is based on concept, that volume of concrete is summation of absolute volumes of its ingredients. Absolute volume of ingredients are function of specific gravities of ingredients. The plastic density of concrete if theoretically calculated on the basis of specific gravities, may not match with that actually measured from concrete.
i. The BIS method does not have a specific method of combining 10mm aggregates with 20 mm aggregates. The grading limits for combined aggregates in IS:383 are too broad and do not help much to arrive at particular ratio of different coarse aggregates. The combined grading curves of RRL method help us to arrive on particular ratio of coarse aggregates.
j. The BIS method does not have an adjustment in fine aggregate content for different levels of workability. Higher workability mixes require more fine aggregate content to maintain cohesion of mix.
The steps to be followed for designing a mix using BIS:
The BIS has recommended guidelines for concrete mix design based on cement and other materials locally available in India (SP:23-1988 [8] , IS10262 [9] , IS 10262- [10] ).These guidelines are applicable for normal concrete (less than 60 MPa) mix design. Use of gap graded aggregates, various admixtures, and pozzolana is beyond the scope of IS 10262-1982. The design steps for mix proportioning as recommended in IS 10262-1982, are discussed below: 1. The target average compressive strength f ck at 28 days is determined by using Eq (2.3):
where, f ck = characteristic compressive strength at 28 days, s = standard deviation of compressive strength, t = a statistic, depending upon the accepted proportion of low results and the number of tests. 2. The water cement (w/c) ratio is chosen from an empirical relationship (a graph) for the given 28-day target mean strength. The w/c ratio is checked against the limiting w/c ratio to satisfy the durability requirements.
3. Air content, amount of entrapped air in fresh concrete, as percentage of volume of concrete, is estimated based on the NMSA.
4. Initially, water content, as mass (kg) per unit volume (m 3 ) of concrete, is selected based on the target strength. Then, the initially determined water content is adjusted for workability conditions depending upon the compacting factor and types of aggregates.
5. Sand content, as percentage of total aggregate volume, is selected based on the NMSA and the target strength. Then, the initially determined sand content is adjusted for workability conditions depending upon the sand grading zone, w/c ratio, and type of aggregates.
6. The cement content is calculated from the w/c ratio and the water content. The cement content, thus calculated, is then checked against the minimum cement content to satisfy the durability requirement.
7. With the quantities of water and cement per unit volume of concrete and the percentage of sand in the total aggregate already determined, the coarse and fine aggregate contents per unit volume of concrete are calculated from the following equations, respectively:
where, C a = total mass of coarse aggregate, [kg per m 3 of concrete], f a = total mass of fine aggregate, [kg per m 3 of concrete], V = absolute volume of fresh concrete, equal to gross volume minus the volume of entrapped air, W = mass of water (kg) per m 3 of concrete, C = mass of cement (kg) per m 3 of concrete, S c = specific gravity of cement, p = ratio of fine aggregate to total aggregate by absolute volume, S f a = specific gravities of saturated surface dry fine aggregate, S ca = specific gravities of saturated surface dry coarse aggregate. 8. Finally, water content is adjusted based on the absorption and the current moisture content to generate equivalent of saturated surface dry condition of the aggregates.
N BIS M (IS-10262(2009))
The Bureau of Indian Standards (BIS) has released the final code on concrete mix proportioning in December 2009. The new code is used for designing concrete mixes using both mineral and chemical admixtures. The durability requirements, limitations on w/c ratio and maximum cement contents are as per IS 456:2000. The BIS and ACI methods use Eq. (2.3) and Eq. (2.1) respectively to determine the target average compressive strength. Although both methods utilise standard deviation to calculate the target strength, techniques of calculation is not the same. When sufficient data are not available to establish standard deviation, the ACI method recommends empirical values to determine the target calculating strength. On the other hand, the old BIS method suggests the value of standard deviation to be based on the quality control. In the new BIS method, standard deviation is to be calculated separately for each grade of concrete. When sufficient test results for a particular grade of concrete are not available, the value of standard deviation given in the code may be assumed for the first trial mix. Regarding the requirements for selecting w/c ratio, water content and estimating coarse aggregate content and fine aggregate content have been modified accordingly in the new BIS code. Considering that the air content in normal concrete (non air entrained concrete) is not of much significance, the consideration of air content has been deleted. The old BIS Method uses the compacting factor as a measure of workability, whereas the new BIS and ACI use the slump. Regarding w/c ratio, the new BIS suggests that the w/c curve has to be developed based on the type of materials to be used in the project. The water content can be determined independent of target strength, whereas in the old BIS method, target strength influences the water content. The new BIS is similar to ACI method wherein a table for maximum water content per cubic meter of concrete for nominal maximum size of aggregate. The new BIS procedure is same as that of ACI method, wherein the volume of coarse aggregate per unit volume of total aggregate for different zones of fine aggregate is calculated based on maximum size of aggregate.
Packing Theory
Several models have been presented in the literature on particle packing to obtain high (or low) density. Proper design of the particle size distribution is essential in obtaining a dense particle packing. The two classical equations for particle size distributions are those of Furnas [14] , Anderegg [15] and Andreassen [16] . In particle packing theory, the particle size distribution (PSD) of the materials used is presented as cumulative finer fraction. The PSD of the sands and gravel is determined by sieving, but the PSD of cement is determined by laser granulometry if not available then by sieving is done. For normal concrete, most design codes require continuous grading to achieve tight packing. Continuous grading curves range from 250µm to a maximum particle size and are S-shaped in a single-logarithmic graph Applying this grading curve to materials with fine constituents, results in mixes that are poor in cement and that are less workable. Standards, therefore require a minimum content of fine materials (< 250µm) in normal concrete. Furnas' approach (1931) considers the addition of smaller and smaller particles, whereas Andreassen's model has the capability of adding coarser and coarser particles.
According to Andreasen's particle packing theory, optimum packing can be achieved when the cumulative PSD obeys the following equation:
is the fraction that can pass the sieve with opening D, D min is minimum particle size of the mix. The parameter q has a value between 0 and 1. A continuous grading of all solids (aggregate and powders) will result in a better workability and stability of the concrete mix applied that accounts for the minimum particle size in the mix (Kwan [17, 18] ). Based on this observation, the modified Andreasen model is defined as given below:
The Furnas distribution gives curved lines in a log-log plot, whereas the Andreassen equation gives straight lines. Because the distribution given by Furnas is a theoretical one and that of Andreassen is semi empirical, the latter was much criticized with the consequence that the equation was used less than deserved. One of the main limitations observed is that the distribution implies an infinite distribution with no minimum particle size. Real systems are of course finite, but anyhow the equation may be used as a tool because of its simplicity. To deal with the problem of infinite distribution of the Andreassen distribution, a modified version that the Andreassen and the Furnas distribution was developed. This is called the modified Andreassen distribution or the Dinger and Funk equation. The Eq. (2.7) given below relates the Andreassen equation and the modified Andreassen equation.
where, CPFT: Cumulative percent finer than, D: Particle size, D min : Minimum particle size of the distribution, D max : Maximum particle size and q: Distribution coefficient (q-value) As mentioned above, the difference in the equations is that the modified Andreassen equation takes into account a minimum particle size whereas the Andreassen distribution considers an infinite distribution towards smaller and smaller particles. On a logarithmic plot, Andreassen equation gives a straight line, while the modified Andreassen equation gives a downwards curvature.
A  E S  M 
Sieve analysis has been carried out for cement, fine aggregate and course aggregate. 100 gram of cement is sieved using 90µm sieve and percentage is found to be 97%. For, sieve analysis of fine aggregate 1000g of fine aggregate was sieved using sieves ranging from 4.75mm to 150µm and percentage passing was determined. Results are shown in Table 1 . In the case of coarse aggregate (50% of 20mm and 50% of 12.5mm aggregates were taken) 2000g is sieved using sieves ranging from 25 mm to 2.36mm and the details of percentage passing have been reported in Table 2 . Determination of particle density of different materials are discussed below. 1) Particle density of cement : porosity of cement is taken as 2% and bulk density of cement is 3125Kg/m 3 , then particle density of cement is calculated using the following expression:
Particle density = Bulk density/(1-porosity) The obtained value of particle density for cement is 3.188 g/cm Further, the mixes have been designed according to ACI method and BIS method for a design compressive strength of 30MPa and 40MPa. The estimated quantities are reported in Table 3 . Compression tests have been conducted on cubes of 100×100×100mm size to determine the compressive strength at 3, 7 and 28days. The results obtained are shown in Table 3 . From Table 3 it is observed that BIS method is very much on conservative side and there is a large scope of optimizing the mix proportions so that over all construction cost can be minimized without compromising on the strength requirements. The mixes designed for M30 and M40 have been adjusted to meet Modified Andersson curve for optimization keeping w/c ratio constant. EMMA software has been used for the study. After adjustment, it is found that there is ample scope for reducing the material for particular design strength. Cubes of 100×100×100mm size have been cast using particle packing adjusted mix proportions to determine the compressive strength at 3, 7 and 28days. The results are shown in Table 3 . It can be observed that with the optimized material quantities, a particular design compressive strength is achieved. Fig. 1 and Fig. 2 shows the mix design as designed using BIS and adjusted using particle packing and ACI designed and adjusted using particle packing. A comparative study of quantity of material required for M30 design mix is shown in Fig.3 using different mix design methods. Since there is a large difference in the ratio of fine aggregate to coarse aggregate for the mixes designed as per particle packing method, the wokablity was less for this mix compared to that of mixes designed according to BIS and ACI. But this issue can be tackled easily by usage of super plasticizers in the present construction scenario. Fig. 1 . BIS mix design (M30) before and after optimization by particle packing. Fig. 2 . ACI mix design (M30) before and after optimization by particle packing. The variation of strength gain using different mix design method is shown in Fig. 4 and it is observed that particle packing has a steady linear trend for strength gain from 3 days to 28days. Further, for M40 grade concrete also, similar studies have been conducted and found that there is a scope for optimizing the mix proportions. Fig. 5 shows the as designed and adjusted proportions for M40 grade concrete using ACI method. 
P   H  C
The high performance concrete generally contains mineral admixtures of various particle sizes to meet mechanical performance and durability requirements. Scope of present study is limited to determination of compressive strength for an optimized mix design using particle packing method. In order to achieve a desired compressive strength, generally many trial mixes have to be designed and tested. By making use of particle packing making method, the number of trials can be reduced. In the present study, mix for a concrete containing a fine grained matrix has been developed using particle packing method. The mix proportion obtained using particle packing is given in Table 4 . Cubes of 70×70×70 mm have been cast to determine the compressive strength. The details of grading curve for q=0.26 is shown in Fig. 6 . The compressive strength for 3, 7 and 28days is shown in Table 5 . From this example, it can be concluded that if the mix contains more ingredients, particle packing method based on modified Andersson curve provides the best solution for mix design.
Table 4
Mix proportion for high performance concrete.
Mix Design
Quantity(kg/m 3 )
Cement 420
Fly ash 170
Silica Fume 35
Quartz sand 500
Quartz powder 450
Water 280 Fig. 6 . Mix design for high performance concrete. 
S  C
In this paper, optimized concrete mix is designed for normal strength and high performance concrete using particle packing method. A critical review of mix design methods using American Concrete Institute (ACI) and Bureau of Indian Standards (BIS) have been conducted highlighting the similarities and differences towards attaining a particular design compressive strength. Compression test has been carried out for cubes of M30 and M40 grade concrete. Optimization of concrete mix has been carried out by adjusting the concrete ingredients to match with the modified Anderson curve. Compression test has been carried out for the adjusted proportions and it is observed that the mixes designed by particle packing method estimates compressive strength closer to design compressive strength. Further, a mix has been designed for high performance concrete, which has a fine grained matrix and compression test has been performed to check the adequacy of desired compressive strength and found to be satisfactory.
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